CRISPR guide-RNA libraries have been iteratively optimised to provide increasingly efficient reagents although their large size is a barrier for some applications. We designed a minimal genome-wide human CRISPR-Cas9 library (MinLibCas9), optimised by mining existing large-scale gene loss-of-function datasets, resulting in a greater than 46% reduction in size compared to other libraries while preserving assay sensitivity and specificity.
We first minimised potential sgRNA off-target activities. The Project Score library 14 was optimised according to multiple factors 3, 11 . Here we updated sgRNAs alignments to the GRCh38 build and computed new off-target summaries, which were then used to deprioritize non-selective guides 17 . In addition, JACKS scores 15 were used to identify sgRNAs with fitness profiles similar to the mean of all other sgRNAs targeting the same gene, and thereby exclude sgRNAs with outlier profiles suggestive of off-target or lack of activity.
Next, we selected sgRNAs with maximal on target activity. Approximately one third of all protein-coding genes induce a cellular loss-of-fitness effect upon knockout 14, 16 , thus for the remaining two thirds of genes it is difficult to distinguish efficient from non-efficient targeting sgRNAs. The introduction of CRISPR-Cas9 mediated DNA double-strand breaks induces a weak loss-of-fitness effect in cells regardless of the targeted site or gene [18] [19] [20] . The Project Score library included 997 non-targeting sgRNAs that do not align to any region in the human genome. These non-targeting sgRNAs were enriched towards positive fold-changes across all samples, which represents the relative growth advantage provided by not introducing a double-stranded break (Figure 1b and 1c) . Thus, to prioritise the selection of working sgRNAs, we performed a non-parametric Kolmogorov-Smirnov test (KS scores) comparing the distribution of the fitness fold-changes of all sgRNAs to that of the 3 non-targeting guides (Figure 1c ). Guides with high KS scores (values closer to 1) have a strong positive or negative median fold-changes, whereas those with low KS scores are more likely to have weak or no activity (Supplementary Figure 2 ). No strong association between different sgRNA design metrics (i.e. JACKS 15 , Rule Set 2 4 and FORECasT percentage of in-frame deletions 21 ) was observed, suggesting that these provide complementary information ( Supplementary Figure 2 ). To select guides, a combined strategy of using JACKS to exclude guides with outlier effects and ranking the remaining guides using the KS scores improved recall rates of gene dependencies identified with the original library ( Supplementary Figure 3) . Notably, the top 2 selected sgRNAs performed very similarly compared to using the full library, and limited improvement was observed when considering more than 2 guides. Table 2 ). Guide selection was performed iteratively across the four different libraries using increasingly less stringent efficacy filters, and therefore sgRNAs were grouped into one of three colour-coded groups (green, amber and red). Based on these criteria, the minimal genome-wide library targets 18,761 genes, using 2 optimal sgRNAs per gene, and has a total of 37,522 gene-targeting and 200 non-targeting sgRNAs ( Supplementary Table 3 ). To preserve library consistency 22 , 90.6% of the sgRNAs belong to the original Project Score library. MinLibCas9 library includes an additional 964 protein-coding genes while using 62.7% fewer sgRNAs compared to the original Project Score library 14 , and it is over 46% smaller in size compared to any publicly available genome-wide human library ( Figure 1a ).
We benchmarked MinLibCas9 against the original library by in silico subsetting the guides from the Project Score library (Yusa V1.1) and tested it across the previously To assess if the minimal library could recapitulate dependencies in more complex models and assays, we began by analysing a CRISPR-Cas9 screens to identify genes that enhance or suppress sensitivity to BRAF inhibitor (dabrafenib) in a partially-sensitive BRAF-mutant colorectal cancer cell line (HT-29) ( Supplementary Figure 6a ). Using in silico downsampling analysis, gene fold-changes with both libraries were strongly correlated (Spearman's R=0.72, p-value < 0.001) and top dependencies time-series profiles were consistently identified ( Supplementary Figure 6b and c). We also performed genome-wide screens in three 3D organoid cultures and confirmed that gene fold-changes between the original and in silico downsampled minimal library were strongly correlated (average Spearman's R=0.70), and the minimal library provides similar replicates correlation and capacity to identify known essential genes ( Supplementary Figure 7) .
In summary, we designed a minimal genome-wide human CRISPR-Cas9 library by using experimental data to select and rank sgRNAs. This reduced library size by over 46% compared to most currently used libraries and preserves sensitivity and specificity to identify gene dependencies. Further work will be required to confirm the in silico down-sampling analysis by independently synthesising and delivering MinLibCas9. Our reference guide library also provides a highly annotated and comprehensive resource of independently optimised sgRNAs that can be exploited to prioritise reagents for smaller focused libraries.
MinLibCas9 unlocks the application of genome-wide screens to complex models which are currently limited to libraries focused on predefined sets of genes, moreover it provides a data-driven approach to prioritise the selection of the most effective sgRNAs for assays using more complex read-outs (e.g. Perturb-seq 23, 24 ).
Methods

CRISPR-Cas9 screens analysis
Screen analysis started with the sgRNA read count matrices. Guides with less than 30 counts in the control condition, i.e. plasmid DNA (pDNA), were excluded. Read counts were normalised to reads per million ( ) within each sample using the following formula:
where represents the raw counts of sgRNA i. A pseudo count of 1 was added to the G i whole matrix and log 2 fold-changes were then calculated comparing to pDNA. sgRNAs recall curves are drawn by sorting the guides by fold-change, from the most negative to the most positive, and then the cumulative distribution is calculated for the different guide groups (i.e. DepMap19Q2 data-set 16, 26 ( Supplementary Table 4 ).
Reference Master CRISPR-Cas9 library 
Minimal genome-wide CRISPR-Cas9 library
A minimal genome-wide library was assembled from the master library by ranking sgRNAs that minimise off-target and maximise on-target effects. A small number, 302, of gene-targeting sgRNAs that did not match any position in the GRCh38 were removed.
Additionally, 339 sgRNAs with conflicting gene-targeting annotation across different libraries were also discarded.
Three different groups of sgRNAs corresponding to increasingly relaxed selection stringency levels were defined, termed as green, amber and red. Green represents guides with a single perfect match to the GRCh38 build and no other alignment with one sequence mismatch. Additionally, green sgRNAs have either a JACKS scores within a range between 0 and 2 (Yusa V1.1 or Avana guides) or a Rule Set 2 score higher than 0.4 (Brunello guides), with the exception to TKOv3 guides where no filter was applied. Amber represents sgRNAs with more relaxed off-target constraints, only requiring a single perfect alignment to the genome, and no filter based on JACKS or Rule Set 2 metrics was used. Lastly, red level sgRNAs can have up to 3 perfect alignments, similar to Koike-Yusa et al. 3 , and, similar to amber sgRNAs, no filter based on guide efficacy metric was used.
For all protein-coding genes defined in HGNC 27 we tried to identify 2 optimal sgRNAs within these three different stringency levels. For each gene, guides were ranked using either KS or Rule Set 2 scores, and selection was performed until 2 sgRNAs successfully passed the defined thresholds: (i) the Yusa library was queried and the top 2 sgRNAs ranked by KS scores were picked; (ii) the Avana library was ranked by KS scores and searched to pick the outstanding number of sgRNAs; (iii) the Brunello library was used to pick the outstanding number of sgRNAs and Rule Set 2 scores were used to rank the guides; and lastly (iv), sgRNAs from the TKOv3 library were considered. To minimise library-specific biases we prioritised the use of sgRNAs originating from Yusa library. Table 6 ). HT-29 cells were transduced at 30% efficiency on day 1. Following puromycin selection, DNA was extracted on day 8 from a subset of cells representing the baseline undrugged condition. The remaining cells were treated with either dabrafenib (0.1µM) or 9 DMSO on day 8. Subsequently, DNA extraction, sgRNA amplification and sequencing was performed at day 10, 14, 18 and 21. Read count matrices were processed as described before and statistical analysis to identify the most significantly differential essential genes over-time was performed using R package limma 28 using the F-statistic and respective aggregated p-value. P-values were adjusted for false discovery rates (FDR) using
Benjamini-Hochberg false discovery rate methods. Identical analysis was performed for the original Yusa V1.1 library and for the in silico down-sample minimal library and then compared.
Organoid genome-wide CRISPR-Cas9 screens Genome-wide CRISPR-Cas9 screens were performed in 3 organoids, 1 derived from colorectal carcinoma patient sample (COLO021), and 2 organoids derived from esophageal cancer (CAM277 and CAM338) (Supplementary Table 7 ). CAM338 was screened in technical duplicate. Organoids were derived and maintained as previously described 29 . To express Cas9, tumoral organoids were dissociated into single cells and incubated overnight in suspension and complete media supplemented with pKLV2-EF1a-BsdCas9-W lentiviral particles and polybrene (8 μg ml−1). The day after, cells were seeded in matrigel and grown as organoids. Blasticidin selection (20 mg/ml) commenced 48h after transduction and maintained until the end of the experiment. All the organoid lines displayed Cas9 activity over 75%. The genome-wide sgRNA library transduction was adapted from a previous protocol recently reported to screen cancer cell lines 14 . Briefly, tumor organoids were dissociated into single cells and a total of 3.3x10 7 cells were transduced overnight, in suspension, with an appropriate volume of the lentiviral-packaged whole-genome sgRNA library to achieve 30% transduction efficiency (100x library coverage) and polybrene (8 μg ml−1). The following day, cells were seeded in matrigel and grown as organoids. After 48h organoids were selected with Puromycin (2 mg/ml 
